Tetracycline, at concentrations greater than required for inhibition of protein synthesis, rapidly and completely inhibits replication of deoxyribonucleic acid (DNA) in Escherichia coli and Bacillus subtilis. At these concentrations of tetracycline, synthesis of ribonucleic acid is not appreciably altered. In addition to inhibiting DNA replication, tetracycline causes alterations of the cytoplasmic membrane resulting in leakage of intracellular pools of nucleotides, amino acids, and the non-metabolizable sugar analogue, thiomethylgalactoside. As DNA is synthesized at a site on the membrane, alterations of membrane structure by tetracycline may be responsible for the observed inhibition of DNA replication.
The tetracyclines (TC) are broad-spectrum antibiotics which were once thought to cause a "bewildering variety of apparently unrelated effects" (5, 9) . In the early 1960s some authors despaired of finding a single, unifying mode of action for TC, and suggested that consideration should be given to the order and conditions under which various mechanisms might apply. Though TC may indeed have more than a single mode of action, more recent work has carefully delineated its primary action as an inhibitor of protein synthesis; TC prevents the binding of aminoacyl-transfer ribonucleic acid (RNA) to the postulated "A site" on the ribosome (see reference 5 for review).
As a secondary consequence of inhibition of protein synthesis, initiation of new rounds of deoxyribonucleic acid (DNA) synthesis should be inhibited leading to cessation of replication after nascent molecules have proceeded to completion. That is, propagation of DNA synthesis normally continues after inhibition of protein synthesis, though the rate of movement of replication forks may be decreased (14, 18) . This expectation is not the observed effect; instead, as this communication demonstrates, TC rapidly and completely inhibits the propagation of DNA synthesis. Alteration of membrane structure, manifested as changes in cellular permeability, may be responsible for the observed inhibition of DNA replication.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains of Escherichia coli used were AS19 (an E. coli B originally selected for increased sensitivity to actinomycin), B/r thy-, and 15 TAU bar. The organisms were grown at 37°C in a phosphate-buffered minimal medium (3) or tris(hydroxymethyl)-aminomethane(Tris)-buffered minimal medium with 0.2% glucose or glycerol as carbon source. Required amino acids were supplied at 50 ,ug/ml. A combination of 4 ,tg of thymidine/ml and 100 ,ug of uridine/ml were used to supply thymine and uracil requirements. The gram-positive Bacillus subtilis 168 was grown in T56T medium (12) .
Measurement of macromolecular syntheses. To monitor macromolecular syntheses, cultures were labeled with [3H]thymidine (4 A.g/ml, 10 ,uCi/ml), uridine (10 ,ug/ml, 10 ,Ci/ml), or leucine (10 ,ug/ml, 2 ,uCi/ml). Samples of 100 ,ul were removed from labeled cultures into chilled 5% trichloroacetic acid, collected on membrane filters, and washed with cold 5% trichloroacetic acid and then with hot water. Radioactivity on dried filters was determined in a toluene-based scintillation mixture. Chemical determinations of DNA were performed using the diphenylamine method of Burton (2) .
Nucleoside triphosphate pool measurements. Nucleoside triphosphate pools were labeled by growth in Tris medium in the presence of [32P]orthophosphate (300 ,uCi/,umol) for one cell doubling. The
[32P]orthophosphate was purified immediately before use by adsorption to a Dowex-1-Cl column and elution with 0.1 N HCl.
Samples of 2 ml from 32P-labeled cultures were rapidly filtered and suspended in 1 ml of 0.3 M perchloric acid. After 20 min on ice, the extracts were brought to a pH of 5.0 to 5.5, and a 50-,ul portion of each extract was spotted on a PEI-cellulose thin-layer chromatography plate. The plates were developed in two dimensions, using procedures similar to those of Neuhard et al. (11 (17) . Plates were cut into 1.0-cm strips which were extracted with 0.1 ml 4 N NH40H for 20 min before counting in 5 ml of Aquasol (New England Nuclear).
To measure the leakage of radioactively labeled sugars and amino acids from intracellular pools, Inhibition of macromolecular synthesis. The incorporation of thymidine, uridine, and leucine by cultures of E. coli AS19 in the absence and presence of various concentrations of TC is shown in Fig. 1 . TC at 50 to 100 ug/ml rapidly and completely inhibited DNA replication as measured by thymidine uptake. At these concentrations of the antibiotic, RNA synthesis as measured by uridine uptake was not appreciably altered; at later times and/or higher concentrations the uptake of uridine was also affected. Inhibition of protein synthesis in AS19 required only 1 to 10 ug of TC/ml. Complete inhibition of DNA synthesis was observed with thymidine incorporation and with chemical measurements using the diphenylamine assay.
The concentration of TC required to inhibit DNA replication is dependent on the bacterial strain: 50 to 100 jig/ml is sufficient for E. coli AS19, whereas 100 to 150 ,tg/ml is required when usingE. coli B/r thy-, and concentrations of 250 ug/ml are required for E. coli TAU bar and the gram-positive organism B. subtilis 168. As with strain AS19, these levels of the antibiotic do not appreciably affect the rate of RNA synthesis for at least 20 min after addition.
The results ofvarious attempts to reverse the inhibition of DNA replication are shown in coli AS19. TC was added (0) 10 min after addition of[3H]thymidine. TC was removed from one portion ofthe culture (0) by filtration 9 min later, and NaCI (2% final concentration) was added to another portion (A) 10 min after TC addition. and 2% NaCl were examined; no reversal of the inhibition was observed.
As TC can chelate divalent cations, the effects of a large molar excess of Mg2+, Mn2+, and Ca2+ were examined. Addition of a 5-to 10-fold molar excess of each of these cations after TC addition did not reverse the observed inhibition of DNA synthesis, nor did their prior addition prevent the inhibition (data not shown).
Binding of TC to DNA. Many of the inhibitors of nucleic acid synthesis exert their effect via intercalation into the DNA helix, e.g., proflavine and ethidium (see reference 5 for discussion). The planar structure of the TC molecule suggested that it too might be an intercalating agent. A routine test for intercalation using the density shift of a covalently closed circular DNA molecule in the presence of an intercalating agent is shown in Fig. 3 . The intercalating agent ethidium bromide yielded the expected density shift, whereas TC caused no measurable change in density. Other tests designed to measure extensive binding of drugs to DNA were also negative, including the failure to observe bathochromic or hypochromic shifts ofthe absorption spectra of TC upon the addition of DNA as observed for other drugs which do bind to DNA (19) . These results are consistent with earlier experiments which demonstrated only very low levels of binding of TC to DNA (7). It is, of course, difflcult to exclude the possibility that very low levels of TC binding may be involved in the observed inhibition of replication.
Effect of TC on nucleoside pools. To investigate the effect of TC on cellular nucleoside triphosphate pools, samples were analyzed by thin-layer chromatography, and the results obtained using AS19 and 15 TAU bar are shown in Table, 1. With AS19, no dramatic changes were observed in the presence of 100 ,g of TC/ ml, a concentration sufficient for rapid inhibition of DNA replication. The general pattern was an initial increase in the size of the pools followed by a decline at later times. It is clear that in the time required for inhibition of replication, generally less than 2 min, no significant decreases were observed. Higher concentrations ofTC are required to inhibit replication in 15 TAU bar, and the effects of nucleoside triphosphate pools in 15 TAU bar at these concentrations, 400 ug/ml in this experiment, are strikingly different from those observed with AS19 in the presence of 100 ug of TC/ml. In particular, a rapid and severe shrinking of the deoxyguanosine 5'-triphosphate pool was observed; at later times, all the ribo-and deoxyribonucleoside triphosphate pools decreased in size. However, when this very high level of TC was used with AS19, a similar, extremely rapid shrinking of the deoxyguanosine 5'-triphos- min after addition of 100 gg of TC/ml and 400 ,ug of TC/ml. Cells were filtered rapidly, and the labeled nucleotides present in the supernatant before and after 30 min in TC, as well as the labeled nucleotides in the intracellular pool before TC addition, are shown in Fig. 4 . Large amounts of labeled purine triphosphates and monophosphates, and possibly small amounts of purine diphosphates, were found in the supernatant after TC treatment, whereas none was observed in control cultures without added TC. More complete resolution ofthe nucleotides (data not shown) demonstrated that label was distributed approximately equally between adenine and guanine nucleotides. A similar experiment using [3H]uridine showed leakage of pyrimidine pools; nucleotides in the supernatant were almost exclusively monophosphates.
Leakage of sugar analogues and amino acids. To determine whether the observed leakage is specific for nucleotides or is a more general phenomenon, the effect ofTC on intracellular pools of the non-metabolizable lactose analogue TMG was examined. Cells were loaded with [14C]TMG as described in Materials and Methods before TC was added. Intracellular [14C]TMG was measured by filtering the cells and rapidly washing with unlabeled medium. Figure 5 shows that TC addition results in rapid loss of intracellular TMG, higher concentrations of TC leading to more rapid loss of the TMG pool than lower concentrations. The addition of 10-5 M carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a compound that conducts protons across membranes, thus collapsing the proton-motive force required for transport of TMG (16) , also resulted in the loss of the intracellularly accumulated TMG. Gross damage to VOL. 11, 1977 on November 1, 2017 by guest http://aac.asm.org/ Downloaded from the cell membrane or lysis of the cells is apparently not occurring, as no /8-galactosidase was released into the cytoplasm (data not shown).
The effect ofTC addition on loss of amino acid pools was also examined. Two amino acids, histidine and proline, were chosen as representatives of two classes of amino acid transport systems: those requiring proton circulation and those requiring cellular adenosine 5'-triphosphate (ATP) (1) . Addition of CCCP should cause release of the pools of amino acids transported via the proton-motive force (proline, in this experiment) but not those whose transport is linked to ATP metabolism (histidine, in this experiment). The data in Fig. 6 show that the expected specificity was seen with CCCP, but TC addition resulted in leakage of both amino acids. These data suggest that the addition of TC results in a membrane alteration causing nonspecific leakage of intracellular pool material. DISCUSSION TC, at concentrations greater than required for inhibition of protein synthesis, rapidly and completely inhibits replication of DNA. At these elevated levels of the antibiotic, which may be affecting several aspects of cell growth, the synthesis ofRNA is not appreciably altered. The observed inhibition is not directly related to the inhibition of protein synthesis, as this primarily affects only the initiation step of DNA synthesis. A decrease in the rate ofpropagation of DNA synthesis has been described with chloramphenicol addition or amino acid starvation (14, 18) , and some degree of premature termination of rounds of DNA replication Samples were taken at intervals, and intracellular levels of each labeled amino acid were determined as described in Materials and Methods. Samples were also taken from the portion without added TC and were filtered and washed several times with cold 5% trichloroacetic acid to release total intracellular soluble pools (A).
has been reported (8, 10) . However, the complete inhibition of replication demonstrated here with TC has not been observed with other inhibitors of protein synthesis.
Some possible explanations for the inhibition of replication by TC have been excluded. Intercalation into the DNA helix or binding of large amounts of TC to DNA does not occur. Though the sizes of nucleoside triphosphate pools do change after TC addition, the kinetics of the changes are too slow to explain, in any simple manner, the inhibition of replication. The marked decreases in ribonucleoside triphosphate levels at late times after TC addition or at high TC concentrations could readily explain the observed inhibition of RNA synthesis under these conditions. It is difficult to exclude a possible involvement of chelation of divalent cations. The observed specificity with regard to RNA synthesis and the failure to prevent or reverse inhibition of replication with excess Mg2+, Mn2+, or Oa2+ argues against, but does not exclude, this explanation.
The most likely explanation is an alteration of the cytoplasmic membrane, which, in turn, leads to inhibition of replication. The data presented here show that the membrane properties are altered sufficiently to allow the leakage of nucleotides and of compounds normally accumulated against a concentration gradient. The transport ofcompounds that utilizes the protonmotive force as well as transport requiring intracellular ATP is affected. However, whatever alteration of membrane structure is occurring is not severe enough to result in leakage of intracellular /B-galactosidase. Replication of chromosomal DNA is believed to take place on the cell membrane (13, 15, 19) , perhaps in association with a complex of required enzymes (4), whereas RNA synthesis presumably takes place predominantly in the cytoplasm. Therefore, disruption of membrane structure could affect DNA replication without affecting the synthesis of RNA, and the results reported here can be taken as further evidence for the involvement of the cell membrane in DNA replication. We are presently investigating this possibility and examining the effects of TC on the replication of other DNA elements in E. coli.
